Infusion of T cells directed against specific antigens has demonstrated promise in HIV and cancer therapy. Along with immune checkpoint blockade, 1 this approach is triggering a paradigm shift in cancer immunotherapy. Perhaps the most exciting of these approaches has been the use of T cells that have been genetically modified to express chimeric antigen receptor (CAR) genes. CARs are comprised of an extracellular single-chain variable fragment (scFv), which serves as the targeting moiety, a transmembrane spacer, and intracellular signaling/activation domain(s) (Figure 1 ). The CAR constructs are transfected into T cells, using plasmid transfection, mRNA or via viral vector transduction, to direct them toward tumor-associated antigens (TAAs). CAR structure has evolved significantly from the initial composition involving only the CD3ζ signaling domain, dubbed a "first-generation CAR." Since then, in an effort to augment T-cell persistence and proliferation, costimulatory endodomains were added, giving rise to second-(e.g., CD3ζ plus 41BB-or CD28-signaling domains) and third-generation (e.g., CD3ζ plus 41BB-and CD28-signaling domains) CARs. CARs have also been constructed in the context of human leukocyte antigen targeting intracellular molecules. 2 The adoptive transfer of CAR T cells has demonstrated remarkable success in treating blood-borne tumors; prominently, the use of CD19 CARs in leukemias, 3 and indications in patients with lymphoma and myeloma are being explored. A growing number of clinical trials have focused on solid tumors, targeting surface proteins including carcinoembryonic antigen (CEA), the diganglioside GD2, mesothelin, interleukin 13 receptor α (IL13Rα), human epidermal growth factor receptor 2 (HER2), fibroblast activation protein (FAP), and L1 cell adhesion molecule (L1CAM) (reviewed in Gill et al. 3 and Fousek et al. 4 ). Unfortunately, the clinical results have been much less encouraging. To date, the two most positive trials reported have used GD2 CARs to target neuroblastoma (3 of 11 patients with complete remissions), 5 and HER2 CARs for sarcoma (4 of 17 patients showing stable disease). 6 The reason for this is not yet known, but is likely multifactorial. The solid tumor landscape presents unique barriers that are absent in hematological malignancies, and these barriers, either by themselves or in combination with various tumor-and/or host cell-borne factors eventually neutralize CAR activity. Unlike the "liquid tumor" environment of blood malignancies, CAR T cells must successfully traffic to solid tumor sites in spite of potential T-cell chemokine receptor-/tumor-derived chemokine mismatches and successfully infiltrate the stromal elements of solid tumors in order to elicit TAAspecific cytotoxicity, regardless of antigen loss or heterogeneity. Even after successful trafficking and infiltration, T cells must surmount challenges conferred by: (i) an environment characterized by oxidative stress, nutritional depletion, acidic pH, and hypoxia; (ii) the presence of suppressive soluble factors and cytokines; (iii) suppressive immune cells (regulatory T cells (Tregs), myeloidderived suppressor cells (MDSC), tumor-associated macrophages (TAM) or neutrophils (TAN); and (iv) T-cell-intrinsic negative regulatory mechanisms (e.g., upregulation of cytoplasmic and surface inhibitory receptors) and overexpression of inhibitory molecules. Lastly, the CAR T cells, themselves, may be problematic given their potential immunogenicity and toxicity.
In this mini-review, we discuss some of the key immunosuppressive barriers and other negative elements within solid tumors that ultimately neutralize the function of antitumor T cells, and CAR T cells in particular (Figure 2 ).
ANTIGEN SPECIFICITY AND HETEROGENEITY
The first step in adoptive T-cell therapy is choosing an optimal TAA for CAR T-cell targeting. Ideally, the TAA is highly expressed on the surface of all tumor cells but not on important normal tissues (or at least lowly expressed). However, unlike the success story of CD19 CARs in leukemias, where CD19 is consistently expressed on tumors and only on "dispensable" B cells, specific target antigens on solid tumors have been more difficult to identify. So far, roughly 30 solid tumor antigens are being evaluated for CAR T-cell therapy; these include neoantigens (for instance, mutated sequences), oncofetal or developmental antigens, tumor-selective antigens (i.e., enriched expression of antigens on neoplastic cells, but low basal expression on normal cells), and endogenous tumor-specific antigens; a recent list of CAR targets that are currently being evaluated in clinical trials is available. 3 It should be noted that the scFv avidity to TAA may also be important, and immunoediting and subsequent removal of the most immunogenic epitopes may lead to tumor escape. 7 Neoantigens on the surface of solid tumors represent an especially attractive target for CAR therapy as their expression is restricted to tumor cells. It is now recognized that most neoantigens are likely to due to tumor-specific mutations and are thus highly individualized (and hence not practical for CAR therapy). However, several neoepitopes that are more generalized have been identified. CAR T cells targeting the mutated EGF receptor is an illustration of this approach; EGFR variant 3 (EGFRvIII) is only expressed on malignant tumor cells (mostly glioblastomas). EGFRvIII CARs have shown promise in treating animal models of glioblastomas 8, 9 and clinical trials testing the efficacy of EGFRvIII CAR in patients with glioblastomas are underway (NCT02209376, NCT01454596). Abnormal glycosylation of extracellular glycoprotein MUC1 is also seen in a large variety of cancers; MUC-1-targeting CAR T cells against MUC1-overexpressing breast cancer xenografts were shown to significantly delay tumor progression. 10 A similar success was reported for CAR T cells targeting MUC16, which is overexpressed in many ovarian carcinomas.
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CEA is an example of an antigen expressed during developmental growth, but restricted in normal adult tissues and in transformed cells. Evidence of tumor eradication by CEA-CAR T cells in mice has been reported. 12 A recent phase 1 trial using CEA-redirected transgenic T-cell receptor (TCR) T cells, however, showed that while one out of three metastatic colon cancer patients demonstrated an objective response to the therapy as exhibited by regression of metastasis to the lungs and liver, all three patients had to endure transient colitis. 13 Cancers arising from virus transformation may express viral products that are attractive targets for therapy since these products are not displayed on normal tissues; for instance, human papillomavirus (HPV)-transformed ovarian cancers.
14 Tumor-selective (versus tumor-specific) antigens include targets that are overexpressed on transformed cells but expressed at low levels on normal tissues. This includes mesothelin, a glycoprotein whose overexpression in mesothelioma, ovarian, and pancreatic carcinomas, and low expression on peritoneal, pleural, and pericardial surfaces, has made it an attractive target for CAR therapy. 15, 16 Two mesothelin-specific CARs have been reported; one based on the SS1 antibody 17 -a mouse anti-human scFv which is currently being evaluated in a clinical trial at the University of Pennsylvania (NCT02159716), and another designated P4, a fully human scFv. 18 A fully human scFv targeting mesothelin was recently described by another group, and is currently being tested in a clinical trial (NCT02414269). 19 Treatment using T cells electroporated with the ) or non-tumor cell-related antigens (i.e., a CAR-targeting the stromally-expressed FAP, 21 or the VEGF receptor on tumor endothelium has also been explored.
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TRAFFICKING
Once a CAR that targets appropriate tumor antigen is generated and infused into a patient, an immediate obstacle is the ability of these CAR T cells to successfully target and infiltrate the solid tumor. This process is dependent on the appropriate expression of adhesion receptors on both T cells and the tumor endothelium, and a "match" between the chemokine receptors on the CAR (primarily CXCR3 and CCR5) and the chemokines secreted by the tumors. Unfortunately, there is often a chemokine/chemokine receptor "mismatch", with tumors producing very small amounts of, for instance, CXCR3 ligands, resulting in inefficient targeting of CXCR3 high CD8 + effectors to tumor sites. 23 One approach to overcome this problem is to design CAR T cells that coexpress "better-matched" chemokine receptors. For example, using mesothelioma tumors that make large amounts of CCL2, we and others demonstrated enhanced intratumoral migration of CAR T cells when they coexpressed the appropriate CCR2b transgene, thus leading to subsequent tumor eradication. 24 Similarly, the use of GD2-CAR T cells coexpressing CCR2b exhibited improved trafficking and tumor control compared to GD2-CAR alone. 25 We have also recently found that the genetic inhibition of protein kinase A activation in CAR T cells increased their ability to infiltrate tumors in vivo due to higher baseline expression of CXCR3. 26 Due to poor trafficking after intravenous injection, local instillation of CARs is also being explored; there are a number of clinical trials that are evaluating the merits of site-specific (i.e., systemic versus regional versus intratumoral) administration of CAR T cells in solid tumors (NCT02498912, NCT02414269, NCT01818323). One potential limitation is that local instillation is often more technically challenging than simple intravenous administration. Another potential issue is that although site-specific injection of CAR T cells will likely result in higher T-cell levels locally, the ability of these CARs to exit the tumor, enter the blood and then traffic to other tumor sites (which presumably exist in advanced cancer patients) is uncertain. The ongoing studies will help to address these issues.
Several groups have also demonstrated the successful use of oncolytic viruses armed with chemotactic chemokines in attempts to attract CAR T cells to tumor sites. Oncolytic viruses have been shown to successfully and specifically infect tumor cells, and lyse them. The use of oncolytic adenoviral vector expressing CCL5 and GD2-CAR T cells robustly controlled neuroblastoma progression in mice and improved CAR T-cell influx, 27 and similar observations were attained with the use of HER2-CAR T cells loaded with modified oncolytic viruses.
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THE HOSTILE TUMOR MICROENvIRONMENT: PHYSICAL AND METABOLIC BARRIERS
The solid tumor microenvironment presents many problems for CAR T cells. There are purely physical/anatomical barriers, such as stroma that characterizes many types of cancers, and the associated high tissue pressure that prevents extravasation. Countering these barriers by reducing tumor fibroblast numbers using FAP-CAR T cells 21 or by having the CARs secrete an enzyme that degrades matrix 29 have both shown some success in augmenting CAR T-cell function in animal models.
The metabolic landscape within the tumor microenvironment is markedly stressful and inhospitable toward T cells. Prominent hallmarks of the tumor microenvironment include hypoxia and nutrient starvation; under these conditions, elevated lactate generation (leading to acidosis) and the lack of glucose and other metabolites inhibit T-cell proliferation and cytokine production. 30, 31 The lack of Official journal of the American Society of Gene & Cell Therapy nutrients (specifically amino acids such as tryptophan, arginine, and lysine) may also activate the integrated stress response, causing protein translation shutdown or autophagy responses in effector T cells as a means of survival in order to generate an intracellular source of nutrients. 32 For example, the amino acid tryptophan is essential for many biological functions though it cannot be synthesized, and hence must be obtained via dietary means. Tryptophan metabolism as catalyzed by tumor-and MDSC-expressed indolamine-2,3-dioxygenase leads to T-cell anergy and death, and Treg accumulation. In a solid tumor xenograft model of CD19-expressing tumor cells transduced with indolamine-2,3-dioxygenase, Ninomiya and colleagues showed the failure of adoptively transferred CD19 CAR T cells to control progression of indolamine-2,3-dioxygenase-expressing tumors. 33 MDSC may also reduce the bioavailability of the key amino acid arginine (see below). Preliminary work has suggested that manipulation of key cellular regulators of protein synthesis (i.e., the mammalian target of rapamycin) might augment the efficacy of adoptively transferred cells. 34 Sukumar and colleague also showed that inhibiting glycolysis promoted the formation of memory cells, and enhanced antitumor activity.
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THE HOSTILE TUMOR MICROENvIRONMENT: TUMOR-DERIvED SOLUBLE FACTORS AND CYTOKINES
Many studies have reported the presence of immunosuppressive soluble factors in the sera, ascites fluid, and tissue extracts from cancer patients that could inhibit CAR T cells. Prostaglandin E2 (PGE2), a small molecule derivative of arachidonic acid produced by the inducible cyclooxygenase 2 (COX2) enzyme, is generated by both tumor cells and macrophages; many studies have reported PGE2-mediated inhibition of T-cell proliferation, suppression of CD4 help, and subversion of CD8 differentiation. 36 Adenosine, a purine nucleoside seen at high levels during hypoxia, is another potent inhibitor of T-cell proliferation and activity. Both PGE2 and adenosine illicit their immunosuppressive effects via signaling through their own G-coupled receptors which activate protein kinase A in a cyclic AMP-dependent manner. 37 We recently demonstrated that genetic inhibition of protein kinase A activation in CAR T cells can enhance their antitumor efficacy. 26 Cytokines, implicated in inflammatory responses at tumor sites, can be a double-edged sword, which may bolster or inhibit the antitumor response. One of the most important inhibitory tumor cytokines is TGFβ. In addition to its ability to promote epithelial-to-mesenchymal transition, enhance matrix production, promote metastasis, and skew the immune response toward a Th2 phenotype, 38 TGFβ has direct negative effects on T-cell effector functions. 39 A few approaches have been used to counteract this effect. We previously showed that systemic blockade of TGFβ was efficacious in augmenting adoptive T-cell therapy. 40 To counteract TGFβ effects specifically in T cells, CAR T cells expressing a dominant negative TGFβ receptor have been created. These CAR T cells were resistant to TGFβ suppression and demonstrated augmented efficacy in animal models. 41 Other inhibitory cytokines include IL10 and IL4; although these have not been directly targeted by alterations in T cells, two groups have constructed chimeric IL4 receptors so that IL4 engagement resulted in signaling that mimicked that of IL2. 42, 43 One of these groups combined this with the use of CAR T cells targeting the tumor-associated antigen MUC1 and showed enhanced efficacy. 43 Finally, it has also been possible to use introduce activating cytokines to improve the tumor microenvironment milieu to augment CAR function. A few groups have designed CARs or T cells that release the stimulatory cytokine IL12 upon TCR engagement. 44 Although the approach worked extremely well in animal models, a recent clinical trial in which the IL12 gene, driven by an NFAT promoter in adoptively transferred tumor-infiltrating lymphocytes (TILs) resulted in unacceptable toxicity. 45 Finding ways to more tightly control IL12 release or the use of less toxic cytokines (i.e., type 1 interferons) might allow this strategy to proceed in the clinic.
THE HOSTILE TUMOR MICROENvIRONMENT: IMMUNOSUPPRESSIvE IMMUNE CELLS
Within the tumor microenvironment, various suppressive surveilling immune cells, Tregs, MDSC, and TAM/TAN with the so called M2 and N2 phenotype are known to present a barrier against successful antitumor immunity. Although there is extensive literature describing the immunosuppressive nature of these cells, to date, their effects on CAR T-cell therapy has not been extensively examined. One technical factor to consider is that in order to study these cellcell interactions, mouse CAR T cells must be injected into immunocompetent mice. Given the major differences between the behavior of mouse versus human CAR T cells (e.g., in our experience, mouse CAR T cells are much more sensitive to activation-induced cell death and have a very short persistence compared to human CAR T cells), the relevance of these studies to human CAR T cells is not certain.
MDSC, M2-TAM, and N2-TAN are well-known producers of TGFβ, PGE2, reactive oxygen/nitrogen species, and arginase. 46, 47 As discussed above, all these factors likely blunt the efficacy of CAR T cells. In addition, TAM can express high levels of PDL1, which can interact with PD1 on CAR T cells and inhibit them (see below). MDSC may also recruit Treg cells. On the other hand, TAM and TAN activated in the proper fashion (the so-called M1 or N1 phenotype) can work to eliminate tumor cells.
The role of myeloid cells in CAR therapy is not yet clear. Burga and colleagues found that depletion of GR1 + cells (targeting TAN and MDSC) augmented the ability CEA-CAR T cells to control colorectal cancer liver metastases. 48 In contrast, Spear et al. 49 found in an ovarian cancer model that CARs activated F4/80 high TAMs, and enhanced production of nitric oxide by TAMs, leading to tumor lysis. Further studies are needed to more precisely define the role of myeloid cells in CAR efficacy. CD4 + /FOXP3 + Tregs are well-documented suppressors of T-cell activity acting through multiple mechanisms including cell-to-cell contact inhibition, and via soluble factors such as TGFβ, and interleukin 10 (IL10). 50 It has been difficult to study the effects of Tregs on CAR therapy since it is difficult to selectively deplete Tregs. For example, depletion using anti-CD25 antibody will also affect CAR T cells. Nonetheless, some studies have been performed using genetic depletion approaches or adoptive transfer of Tregs with CAR T cells. Zhou et al. 51 studied adoptively transferred cytotoxic T-lymphocytes in a mouse leukemia model and found that antibody blockade of PDL1, combined with genetic depletion (using a diphtheria toxin model) of Tregs, markedly increased efficacy of T-cell adoptive transfer, although depletion of Tregs alone had relatively minor effects. Our lab has recently conducted studies using a selective inhibitor of Tregs 52 and shown augmentation of a mouse CAR T cells targeted to mesothelin (Wang et al., Submitted) .
There is some data in humans to suggest an inhibitory effect of Tregs on adoptive T-cell transfer. Perna et al. 53 + Tregs observed in the peripheral blood was higher in nonresponders than in responders. 54 In addition, the number of administered doses of IL2 was found to be positively associated with peripheral Treg reconstitution. These latter data highlight the complex role of IL2 in CAR therapy. Although IL2 can support CAR T cells in vivo and has been used pre-clinically and in many clinical trials, 54 it also, and perhaps preferentially, activates and induces proliferation of Tregs. 55 Thus, the use of alternative T cells homeostatic cytokines, such as IL7 and IL21, was explored, and shown to enhance CAR efficacy. 56 High IL2 levels with subsequent Treg stimulation may also be an issue in CAR constructs containing the CD28 cytoplasmic domain which produce much higher levels of IL2 than do CARs with the 41BB cytoplasmic domain.
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T-CELL-INTRINSIC REGULATORY MECHANISMS
In order to maintain tolerance, T cells express activation-induced surface molecules, such as CTLA4 and PD1, which can have antagonistic effects on the overall antitumor immune response, generally restricting the extent and strength of the immune response upon receptor ligation. The importance of these inhibitory receptors has now been established in multiple clinical trials. 1 Since these receptors are upregulated on infused CAR T cells and even further increased on CAR TILs, 58 a number of groups have shown that blockade of these receptors can augment therapy. For example, using mouse T cells, a combinatorial strategy of HER2-CAR T-cell adoptive transfer and PD1 blockade led to significant tumor regression. 59 In experiments studying human CAR T cells in an immunodeficient animal tumor model, our group showed that PD1 blockade using anti-human antibodies enhanced antitumor effects of human mesothelin-directed CARs. 58 We 60 and Kobold and colleagues 61 showed that it is also possible to reverse the inhibitory effects of PD1 by transducing T cells with a PD1 "switch receptor"; that is, the extracellular domain of PD1 fused to the cytoplasmic domain of an activating receptor like CD28. Antibodies against CTLA4 have also been shown to augment adoptive T-cell transfer.
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In addition to surface inhibitory receptors, T cells activate a range of intracellular negative feedback loops after TCR stimulation that work to shut down T-cell activity. 63 Some examples include: (i) enzymes (such as diacylglycerol kinase; (ii) phosphatases (such as SHP1; (ii) ubiquitin ligases (such as Cbl-B); and (iv) transcription factors (such as Ikaros). Augmenting CAR T cells function by reducing the expression or function of these inhibitors is an active area of investigation; for example, CAR T cells lacking expression of diacylglycerol kinase showed markedly increased efficacy. 64 Another process that can limit CAR function is receptor-or activation-induced cell death. In many cases, this is affected by activation of Fas (CD95) on the T cells through the engagement by Fas ligand (FasL) that is upregulated in most tumor cells, tumor vasculature, and on activated T cells. Engagement of Fas induces T-cell apoptosis, thereby dampening T-cell-mediated immunity. Along these lines, engineering T cells to express higher levels of antiapoptotic proteins was undertaken.
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IMMUNOGENICITY AND TOXICITY
Despite the lack of proven efficacy to date, there have been some safety concerns in solid tumor CAR T cells trials that will need to be kept in mind as clinical trials progress. The major toxicity seen in the CAR19 T cells trials has been attributed to severe "cytokine storm" seen in conjunction with rapid T-cell proliferation. 66 It is thought that the infused CAR product causes a widespread, toxic release of proinflammatory cytokines, thus leading to clinical manifestations such as fever, rash, and potentially organ failure. 67 Fortunately (or perhaps unfortunately), this has not yet been observed in trials for solid tumors, likely due to the fact that the degree of T-cell engraftment and proliferation seems to be quite low compared to the leukemia patients. However, as enhanced CARs are developed, and/or as stronger lymphodepletion regimens are employed, this potential toxicity may be observed.
The most feared complication of CAR therapy, a catastrophic and rapid "on target-off tumor" event, has been documented. A fatal event occurred rapidly after infusion with a high affinity HER2-CAR, which was attributed to low-level expression of the antigen on normal endothelium and epithelium. 68 Approaches to avoid this type of event include extensive preclinical toxicology studies, use of "selflimited CARs" that use mRNA rather than lentivirus to transiently express the CAR receptor, and careful dose escalation trial designs. Some groups are also advocating the insertion of suicide genes which can be activated in case of adverse events. Success in preclinical models has been shown with use of the herpes simplex virus thymidine kinase (HSV-TK) gene or an inducible caspase 9 (iCasp9) gene. The activation of these suicide genes leads to the specific and permanent eradication of CAR T cells. Another approach could be to increase the specificity of CARs by requiring the CAR to recognize two antigens to promote activity. 69, 70 Finally, the potential immunogenicity of transduced genes must be considered. For example, since the viral gene HSV-TK is immunogenic, the use of iCasp9 seems more attractive as it manipulates the endogenous caspase pathway, and was shown to be very efficient in inducing apoptosis. 71 Phase 1 trials utilizing GD2-CAR T cells with iCasp9 are ongoing (NCT01822652, NCT01953900). Another possible problem with immunogenicity relates to the fact that some of the scFvs incorporated in the CARs used in current clinical trials are of murine origin and can thus elicit a human anti-mouse protein immune response. This can be a cellular immune response that eliminates the transduced T cells after 4-6 weeks, but can also result in the generation of anti-murine scFv IgG or even IgE antibodies. In our recent mRNA mesothelin-CAR trial, we observed an anaphylactic reaction when CARs expressing a murine scFv were readministered to a patient after a period of 6 weeks. 72 Because of this, most groups are now using human or humanized scFvs in their CAR constructs.
CONCLUSIONS AND FUTURE PERSPECTIvES
A better understanding of the multiples barriers seen in solid tumors will drive advances in CAR engineering and in clinical trial design. For example, it is currently unclear if aggressive lymphodepletion suggested for TIL therapy 7 will also be needed for CAR T-cell infusion. A number of groups are currently exploring this issue. In preliminary studies from our institution, the use of cyclophosphamide appears to increase blood levels of CARs after infusion, suggesting that some sort of lymphodepletion may be needed in solid tumor therapy.
Some approaches to overcome solid tumor barriers were discussed above, however many other strategies are being tested. To mention just a few, the use of alternative cytoplasmic activation domains, such as ICOS, 41BB, OX40, or CD27 are being explored. 73, 74 Even more radical design changes are also being evaluated. Wang et al. 75 have fused a scFv for antigen recognition to the transmembrane and cytoplasmic domains of KIR2DS2, a stimulatory killer immunoglobulin-like receptor (KIR). This KIR-based CAR (KIR-CAR), when fused to the adaptor DAP12, proliferated in an antigen-specific manner, and demonstrated enhanced effector function.
The compelling success of CAR therapy in hematologic malignancies is propelling the development of CARs that can show similar efficacy in solid tumors. The ability to genetically manipulate infused CAR T cells provides almost limitless opportunities for additional changes and improvements, and thus provides strong hope for future success.
